To study whole-brain MR measures derived from diffusion tensor imaging and magnetization transfer imaging (MTI) for the in vivo assessment of cumulative neuropathologic changes in HIV and to evaluate the quantitative imaging strategies with respect to cognitive status measures including the severity of dementia and the degree of impairment in specific cognitive domains including attention, memory, constructional abilities, and motor speed. Methods: Quantitative whole-brain measurements, including fractional anisotropy (FA), apparent diffusion coefficient (ADC), and magnetization transfer ratio (MTR), were derived from histograms and compared in HIV and control participants. Relationships between the MR and cognitive status measures were examined. Results: Whole-brain FA and MTR were reduced in patients with HIV and correlated with dementia severity. Whole-brain MTR and ADC were correlated with psychomotor deficits. Evaluation of relationships between the studied MR measures indicated a correlation between ADC and MTR; FA was not correlated with either ADC or MTR. Conclusions: Findings from this investigation support the use of quantitative whole-brain MR measures for evaluation of disease burden in HIV. Reductions in whole-brain fractional anisotropy and magnetization transfer ratio (MTR) distinguished HIV and control subjects, and these measures were associated with dementia severity. Relationships were identified between whole-brain MTR and apparent diffusion coefficient and psychomotor deficits. Combining these quantitative strategies in neuroimaging examinations may provide more comprehensive information concerning ongoing changes in the brains of HIV patients.
Various lines of evidence indicate that HIV enters the brain early in the course of infection. 1 Early phases of brain involvement may be asymptomatic for indefinitely prolonged periods, with eventual cognitive deterioration involving loss of psychomotor speed, memory, motor skills, and learning capacity, with relative sparing of language, judgment, perceptual processes, and abstraction. 2 Factors underlying the onset of cognitive decline, the time course of progression, and the selective loss of function have not yet been determined.
Injury to the brain in HIV involves aggregate effects of neurotoxic viral proteins (e.g., gp120 and Tat) and the consequences of immune activation. 3 Conventional T1-weighted and T2-weighted MR images reveal white matter hyperintensities and atrophic brain changes in some patients with HIV dementia. Conventional MR images, however, may not adequately represent early sublethal tissue alterations or cumulative extent of injury. Studies correlating MR findings with neuropathology have found that conventional imaging is insensitive to microscopic injury in HIV patients. 4 Quantitative imaging strategies such as diffusion tensor imaging (DTI) and magnetization transfer imaging (MTI) have been used to measure otherwise unobservable changes (e.g., in membranes) 5 and to quantify tissue change on a microstructural scale that better approximates cellular dimensions. 6 These noninvasive strategies have been exploited to quantify change from both sublethal and more destructive injury and have been used in some investigations to determine putative measures of whole-brain disease burden. 7, 8 This investigation evaluated quantitative indexes, including fractional anisotropy (FA), apparent diffusion coefficient (ADC), and magnetization transfer ratio (MTR), for measurement of whole-brain disease burden in HIV patients. The derived whole-brain MR measures were evaluated with respect to the severity of dementia and degree of impairment in specific cognitive domains involving attention, memory, constructional, motor, and executive functions.
reported seropositivity was confirmed by ELISA and western blot. All control subjects reported HIV seronegativity. Chronic neurologic disorders, current or past opportunistic CNS infection, and psychosis at study entry were among study exclusion criteria. All HIV subjects were on antiretroviral regimens; however, one patient's therapy was temporarily suspended at the time of the scan.
Clinical assessments of the HIV subjects included the MacroNeurologic Examination created by the AIDS Clinical Trials Group and the motor portion of the Unified Parkinson's Disease Rating Scale, used to assess extrapyramidal signs. The neuropsychological examination evaluated working memory, verbal memory, visual memory, constructional ability, psychomotor, motor speed, and frontal/executive systems based on composites of individual subtests included in the battery. Dementia severity was determined on the basis of criteria defined by the American Academy of Neurology (AAN) 9 and the Memorial Sloan-Kettering Rating Scale (MSK). 10 The Karnofsky Performance Scale was also used to assess functional status. 11 Both AAN and MSK criteria have been operationalized for uniform staging across multiple research sites. 12, 13 The operationalized MSK scoring takes into account the presence of CNS abnormalities on examination, the results of the neuropsychological testing, and the degree of impairment in work, self-care, and mobility status reported by the patient. A reported deficit in at least one of the eight instrumental activities of daily living is required to meet the minimal functional criterion for MSK staging. The AAN ratings were determined based on the degree of impairment on the neuropsychological tests using an extensively validated computer algorithm that has been used in many prior studies of HIV dementia. 12 The derivation of the cognitive domain measures and the operational definitions of the dementia severity ratings have been described in more extensive detail previously. 12, 13 MSK, AAN, and Karnofsky scores for each subject are presented in table 1. CD4 counts for the HIV subjects ranged from 24 to 427; plasma viral load ranged from undetectable to 154,938 copies/mL.
MRI and image processing. Studies were performed on a 1.5 T twin-speed MR unit using the zoom gradient. A quadrature birdcage head coil was used for radiofrequency transmission and signal reception. Subjects were scanned using a comprehensive MRI protocol, including DTI, MTI, and T2-weighted and proton density-weighted imaging. An identical set of contiguous 7-mm axial slices covering the whole brain was used for the DTI and MTI sequences. This allowed coregistration among studies.
DTI was performed with an echo planar sequence and a bandwidth of Ϯ125 kHz using the dual spin echo option to minimize distortion. Six diffusion-weighted images were acquired of each slice, with a b value of 1,000 s/mm 2 . A b ϭ 0 reference image was also acquired. Diffusion gradients were applied along six directions: (1,0,1)/ͱ2, (Ϫ1,0,1)/ͱ2, (0,1,1)/ͱ2, (0,1,Ϫ1)/ͱ2, (1,1,0)/ͱ2, (Ϫ1,1,0)/ͱ2. The entire brain was imaged, from the base of the cerebellum to the top of the skull, using 22 contiguous 7-mm axial slices with field of view ϭ 24 cm, matrix size ϭ 128 ϫ 128, repetition time (TR) ϭ 7,000 milliseconds, and number of excitations ϭ 4. The sequence used for MTI was a fast gradient echo with a low flip angle (20°) and long TR (TR ϭ 1,000 milliseconds) to achieve minimal T1 weighting. The sequence was run twice, once preceded by an off-resonant saturation pulse (MT pulse) and once without the saturation pulse. The frequency offset of the saturation pulse was 1,200 Hz with duration of 16 milliseconds. The same shim parameters and receiver gain were maintained between the two acquisitions. The MT was determined based on the normalized intensity difference between the resulting images. The proton density-and T2-weighted images were acquired using a dual echo sequence with TR ϭ3,300 milliseconds and echo time ϭ 25 and 85 milliseconds.
Quantitative image analysis was performed off-line on a Linux workstation using customized image-processing routines written in MatLab (Mathworks, Natick, MA). The eigenvectors and eigenvalues of the DT were calculated for each voxel and used to produce maps of ADC and FA 14 :
where
where D 1 , D 2 , and D 3 are the eigenvalues of the DT.
To obtain whole-brain statistics for FA and ADC, the background noise was first segmented out from tissue by applying an automated thresholding technique to the diffusion-weighted images. This also removed voxels containing predominantly CSF, as these have low intensity on diffusion-weighted images. Extracranial structures were excluded from the remaining mask by manual segmentation. FA measures (dimensionless) were expressed as root mean squares; whole-brain peak ADCs were in units of 10 Ϫ3 mm 2 /s, hereafter referred to as whole-brain FA and whole-brain ADC.
Maps of the MTR were obtained using the relation
where M s and M 0 are the signal intensities in a given voxel obtained with and without the MT saturation pulse. CSF was segmented from brain parenchyma using the MT image, and a histogram of the MTR over the whole brain was produced, from which estimates were obtained of the peak MTR. Statistical analyses. Primary dependent measures included the whole-brain MR measures compared in HIV and control subjects. Dementia severity (AAN, MSK, and Karnofsky) and neuropsychological measures of specific cognitive functions were also examined. Analyses were executed with SPSS (release 10.0; Chicago, IL). All statistical tests were two tailed with the exception of the between-group comparison for MTR. Because injury is strictly associated with reduction in this measure, a directional hypothesis was tested.
Results. Whole-brain FA measures were reduced in the HIV subjects (p ϭ 0.05). The whole-brain MTR measures also differed between HIV and control subjects (p ϭ 0.02). FA ϭ fractional anisotropy; ADC ϭ apparent diffusion coefficient; MTR ϭ magnetization transfer ratio. There were no significant between-group differences for whole-brain ADC. Means (SD) for the whole-brain MR indexes are presented in table 2.
Further analyses examined relationships between the whole-brain measures and dementia severity ratings. Whole-brain FA was associated with MSK ( ϭ Ϫ0.56, p ϭ 0.04) and Karnofsky ( ϭ 0.63, p ϭ 0.015) scores; the relationship with AAN was nearly significant ( ϭ Ϫ0.53, p ϭ 0.06). Whole-brain MTR measures were also associated with MSK ( ϭ Ϫ0.60, p ϭ 0.01) and AAN ( ϭ Ϫ0.65, p ϭ 0.007) and nearly associated with the Karnofsky ( ϭ 0.47, p ϭ 0.06) ratings. Whole-brain ADC was not associated with the dementia severity ratings. The associations between the MSK ratings and the FA and MTR measures are shown in figures 1 and 2. Examination of the degree of relationship between whole-brain MR quantities indicated a correlation between ADC and MTR (r ϭ Ϫ0.79, p ϭ 0.001). FA was not correlated with either ADC or MTR. Clinical status measures, including CD4 counts, plasma viral load, and body mass index, were not associated with the whole-brain MR indexes in the HIV subjects. Table 3 presents correlations between the whole-brain MR quantities and the degree of impairment in specific cognitive domains. Relationships were identified between whole-brain ADC (r ϭ Ϫ0.53, p ϭ 0.05) and MTR (r ϭ 0.51, p ϭ 0.04) and the psychomotor cognitive domain (digit symbol test). These findings motivated further examination of relationships between the whole-brain MR quantities and individual motor function tests in the neuropsychological battery. Specifically, subtests comprising the psychomotor and motor speed cognitive domain (grooved pegboard and timed gait) were examined individually. In addition to the relationship with the digit symbol test, MTR was associated with loss of fine motor control in the dominant hand (grooved pegboard; r ϭ 0.52, p ϭ 0.03); no relationships were found for other motor subtests including the timed gait measure of gross motor speed (table 4).
Discussion. In this investigation, whole-brain FA and MTR measures were reduced in HIV patients and associated with the overall severity of dementia. The findings are consistent with prior DTI studies indicating localized anisotropy abnormalities in HIV patients. 15, 16 Relationships between diffusion mea- FA ϭ fractional anisotropy; ADC ϭ apparent diffusion coefficient; MTR ϭ magnetization transfer ratio. FA ϭ fractional anisotropy; ADC ϭ apparent diffusion coefficient; MTR ϭ magnetization transfer ratio; GP ϭ grooved pegboard.
sures and functional status have been identified in other CNS disorders 17, 18 and in studies of normal cognition. 19 Similarly, MTR has been found to be sensitive to HIV neuropathology, 20, 21 and reductions in whole-brain MTR measures correspond to the cognitive status of HIV patients. 7 Examination of patterns of relationship with specific functional losses indicates associations between whole-brain ADC and MTR measures and psychomotor impairment (digit symbol test). MTR was also associated with loss of fine motor control (for the dominant hand). These results are consistent with findings in other CNS disorders indicating associations between psychomotor impairment and aggregate MTR 22 and DTI 18 measures. In HIV patients, motor losses are considered among the most sensitive indicators of early cognitive decline 23 and have been used to monitor response to treatment. 24 Psychomotor slowing is associated with dementia progression [25] [26] [27] and HIV encephalitis at autopsy. 27 Whole-brain FA was not correlated with the other MR measures examined in this investigation; a relationship was identified between MTR and ADC. Previous studies have also found lack of relationship between FA and MTR 28, 29 and correlations between reduced MTR and increased diffusivity (ADC) in injured brain tissue. 30, 31 Taken together, the findings suggest that the whole-brain measures do not confer redundant information concerning neuropathologic changes in HIV. Autopsy findings in HIV dementia patients indicate pronounced tissue alterations in both white matter and subcortical gray matter structures in HIV dementia. 32 Of the examined MR quantities, FA may be the most specific to loss of white matter integrity. Whereas FA is a measure of intrinsic changes in directionally ordered tissue (e.g., white matter fiber tracts), diffusion in gray matter is generally isotropic. 6 Whole-brain MTR and ADC may reflect both white and gray matter injury.
Although the pathologic significance of the studied MR measures is not yet fully understood, some cautious inferences can be put forth based on the obtained results. In this study, both whole-brain FA and MTR were predictive of the severity of dementia. Axonal injury has been associated with neurologic outcome in both white matter diseases and CNS infections 33 and may play an important role in cognitive decline in HIV patients. 34 Autopsy examinations using sensitive quantitative markers for detecting early injury (␤-amyloid precursor protein immunoreactivity) indicate widespread axonal damage with approximate perivascular distribution in subcortical white matter, basal ganglia, and brainstem in tissue samples from HIV encephalitis patients. 35 Histopathologic studies of multiple sclerosis tissue samples indicate that both MTR 36, 37 and anisotropy (FA) measures are highly associated with axonal damage; the degree of association with ADC measures was less pronounced. 37 This investigation found a relationship between whole-brain MTR and ADC, and both measures were associated with psychomotor impairment. Factors such as membrane permeability and the relative volume and morphology of the extracellular space are determinants in both the measured ADC and the MTR. 5, 38 Available evidence suggests that these MR measurements may correspond to heterogeneous underlying mechanisms, including blood-brain barrier impairment, inflammation (e.g., macrophage and microglial activation), and factors associated with expansion of the extracellular space, including irreversible tissue change. 5 Injury in frontal-subcortical regions is a plausible basis for psychomotor impairment and consistent with MR spectroscopy findings in HIV patients. 39 MR spectroscopy studies have found elevations in a marker of membrane damage (choline) in asymptomatic HIV patients. 40, 41 Elevations in a marker of glial activation and astrogliosis (myo-inositol/creatine) have been found in the basal ganglia among HIV patients with prominent psychomotor slowing. 42, 43 Subcortical levels of N-acetylaspartate, a neuronal injury marker, have been associated with motor impairment (grooved pegboard test), 40 and whole-brain measures (NAA concentration) have been found to be predictive of impaired performance on a composite of psychomotor and reaction time tests. 44 It is likely that various pathologic processes acting in concert are required to account for cumulative brain injury in HIV patients. The principal advantage of whole-brain imaging strategies is to provide a means of objectively quantifying aggregate disease burden in vivo. These strategies may be useful, for example, for monitoring clinical course and response to therapy. Some functional losses in HIV patients, however, may be better predicted by localized tissue status measurements. Further studies are needed to delineate mechanisms of injury corresponding to tissue status measurements in specific brain regions.
